Seismically active faults are key features of the earth, and earthquake
INTRODUCTION
Carbon dioxide emissions have globally received more and more attention, with scientific concerns including greenhouse effects (Huang and Tan, 2014; Jean et al., 2015) , health of ecosystems (Wright et al., 2018) , radiative forcing (Bari and Bergot, 2018; Bansal, et al., 2019) , global carbon cycle (Chatterjee et al., 2019) , as well as carbon dioxide capture and geological storage (Soong et al., 2014; Yang et al., 2014; Phelps et al., 2015; Jen et al., 2017; Wang et al., 2018 ). The global carbon dioxide level is generally balanced by geochemical processes over a long period of time (Ballantyne et al., 2012) . Studies have recognized volcanic eruption as a natural source for initial atmospheric carbon dioxide in the young earth era (Hunt et al., 2017) . Annual 130 to 230 megatons of carbon dioxide have been attributed to modern volcanic activities. The global annual mean carbon dioxide level has been estimated from 280 ppm during the 10,000 years up to the mid-18th century to 410 ppm as of mid-2018 (Dlugokencky, 2016) . Anthropogenic carbon emissions remain a leading contribution to the atmospheric carbon dioxide (Keeling et al., 2011; Soong et al., 2014) . The growing imbalance between sources and sinks of the global carbon dioxide cycle has become a widespread concern in the recent years (Yu et al., 2012; Mohr et al., 2014; Lin et al., 2018) . Missions of industrial carbon dioxide reduction have been globally aroused (Werner et al., 2018) . Currently, the volcanic outgassing has been categorized as a main natural source of the atmospheric carbon dioxide (Irwin et al., 1980) . Lots of works have demonstrated that carbon dioxide emissions are accompanied by burst of tectonic earthquakes (Sorey et al., 1998) , and the earth degassing of carbon dioxide spatially correlates with tectonic zones (Barnos et al., 1978; Tamburello et al., 2018) . The tectonic control on the earth degassing has been extensively observed in volcanic areas at regional and local scales (Mazot et al., 2011) , but its role at a continental fault scale is still poorly studied. Fault zones and relevant fracturing play a fundamental role in carbon dioxide migration by creating fluid conduits extending from the deep crust to the earth surface (Hunt et al., 2017) . Of particular interest is that what happens to the global carbon dioxide level if seismically active fault-driven carbon dioxide emissions are considered. However, the knowledge of how much carbon dioxide is produced by a seismically active fault remains a big space to be better understood. The contribution of natural faults to the atmospheric carbon dioxide level should be further estimated by reproducibly accurate measurements (Ali et al., 2017; Li and Biswas, 2017; Yang et al., 2017; Ishikawa and Sekiguchi, 2018) .
In this study, we have carried out continuous measuring of carbon dioxide flux produced by a seismically active fault, located at the southwestern boundary of Helan Mountains in Inner Mongolia (as shown in Fig. 1 ). Variations of the natural fault-driven carbon dioxide level during 2018 have been investigated. We have found seasonal fluctuations of the carbon dioxide level on a long-term increasing and then decreasing background, which synchronizes the in situ atmospheric temperature variations. Strain measurements, based on the Brillouin optical time-domain analysis (BOTDA), have shown that both fracture well-developed calcite bedrocks and earthquake-induced ruptures (e.g., shear zone) experience dilation caused by plastic deformation, followed by a rise of carbon dioxide levels. The mechanism may be contributed to either fault valve-driven fluid flow (Frank et al., 2015) or water-hammer effect (Yin, 2018) , which is associated with the pressure-wave propagation . Furthermore, we preliminarily propose a mass-wave propagation model (e.g., interaction of shock waves with advection-diffusion of mass, namely the gas hammer effect) to physically explain carbon dioxide variations due to dilation or compaction of the natural fault.
METHODS

Carbon Dioxide Data Acquisition Method
An underground-based borehole measurement has begun more recently. The carbon dioxide monitoring borehole of the depth 120 meters is vertically drilled in the Bayan Hot fault, located at the southwestern boundary of Helan Mountains in Inner Mongolia, with each hosting dip-parallel fluid conduits (e.g., fracture well-developed calcite bedrock and earthquake-induced rupture) intersected by the borehole, and stretches along-strike of 10 meters away from the strainobserved borehole (as depicted in Fig. 1 ). The boreholepenetrated stratum up-down crosses the overburden, fracture well-developed calcite bedrocks and earthquake ruptures (e.g., shear zone). Two ruptures induced by historical earthquakes are solidified with rupture rocks, which are mainly composed of brecciola accounting of 70% and cement accounting of 30%. An entire depth of the borehole is coated by two kinds of acid-resistant steel tubes. From the ground-surface to the depth of 50 meters, the sealing tube is used, and the neutral cement (no spontaneous deformation) is filled within the gap between the external circumferential surface of the tube and the borehole circumferential rock surface, isolating horizontal exchange of shallow soil gas with deep-origin carbon dioxide, and eliminating gas contamination due to shallow soil gas intrusion. Between underground depth of 50 meters and 100 meters, a screentube is used to facilitate flow freely into the borehole, without cement filled within such kind of gap as above-mentioned. Below underground depth of 100 meters downward 120 meters, the sealing tube is used, with cement filled within such kind of gap as above-described. Given that sealing condition, deep-seated carbon dioxide can converge and flow upward into the end-inlet of the sealing-tube. A single opening exhaust valve (e.g., flow adapter) is installed at the up-inlet of the tube, isolating atmospheric gas intrusion into the borehole. A Red-Infrared data acquisition instrument with the sensor embodied is physically connected with the flow adapter, recording progressive signals of carbon dioxide levels released from the borehole, beginning in the end of November, 2017. That instrument simultaneously measures both atmospheric temperature and carbon dioxide. The data acquisition period is one minute. Data from the in situ monitoring exhibits characteristics of good-quality borehole gas level data. It is notable that at the beginning of data acquisition, carbon dioxide in the borehole remains a mixture of atmospheric and deep-seated gases, meaning gas samples are contaminated. Therefore, the data measured prior to the end of November have been removed for further analysis. Eventually, we have analysed measurements of data from 1 January to 31 December during 2018. The data are re-sampled to obtain one mean value every 60 minutes.
Borehole Strain Monitoring Method
To measure the fault deformation, a distributed opticfiber strain sensor has been installed into the borehole (located at the longitude 105.71° and latitude 38.38°), which is drilled in the fault in November 2017, crossing the overburden, fracture well-developed calcite bedrocks and earthquake-induced ruptures (e.g., shear zone) mainly composed of 70% brecciola and 30% cement. The stratum and borehole structure is shown in Fig. 1 . The Brillouin optical time-domain analysis (BOTDA) is applied for the strain monitoring. The distributed optic-fiber strain sensor is sealed by the neutral cement (e.g., no spontaneous deformation) into the observation borehole, recording continuous strain signals every 60 minutes, with the acquisition accuracy of two million-strain (e.g., 2µɛ). The data acquisition space-resolution is 0.05 meter along the longitudinal direction of 83.1 meter deep borehole, across which there has been significant displacement as a result of rock mass movement. After six months of the site recovers from the borehole-drilling disturbance since November 2017, the data acquisition of borehole strains has finally been carried out. Here, the strain data-acquisition period ranges from May 29 to June 2, 2018, during which period both strain signals and carbon dioxide levels are recorded simultaneously.
RESULTS AND DISCUSSION
Characteristics of Carbon Dioxide Variations
Seasonal variations of the carbon dioxide level and the atmospheric temperature are shown in Fig. 2 . The carbon Fig. 2 . Carbon dioxide level (ppm) observed from 1 January to 31 December during 2018, together with atmospheric temperature recorded. There is a short-term fluctuation of both carbon dioxide levels and atmospheric temperature on a long-term trend. The correlative coefficient between the carbon dioxide level and the temperature variation ranges from the mean value of 0.15 for frequency above 0.1 Hz, up to 0.2 through 0.84 for frequency below 0.1 Hz, generally exhibiting a normal correlation. Note that the data acquisition period is one minute for both carbon dioxide level and atmospheric temperature. Here, the data are re-sampled to obtain one mean value every 60 minutes. dioxide level ranges from 119 up to 1032 ppm, attributed to the seismically active fault. The annual mean level represents 586 ppm, compared to the global current level of 410 ppm, and remains higher than 280 ppm as of the middle of 18 th century (Eggleton, 2013) . The carbon dioxide flux seasonally oscillates on a long-term increasing background prior to the middle of August. At the beginning of September, the carbon dioxide level experiences short-term fluctuations on a long-term decreasing tend. Simultaneously recorded atmospheric temperature variations exhibit a positive correlation to carbon dioxide levels, demonstrating seasonal fluctuations on a long-term increasing or decreasing background (Chatterjee et al., 2018) . The atmospheric temperature variation synchronizes with the carbon dioxide flux released from the borehole. The phenomenon would imply that more biologic activities result in higher carbon dioxide flux (Sorey et al., 1998; Jabro et al., 2008; Chatterjee et al., 2018) . However, without knowing the isotopic composition of carbon in the carbon dioxide, it is impossible to evaluate the biology-chemistry process (Sorey et al., 1998) . The link between atmospheric temperature variations and carbon dioxide emissions from the fault remains poorly estimated. But this is currently beyond the scope of this paper.
Characteristics of Borehole-strain Signals
Strain-depth profiles are recorded by using the distributed optic-fiber strain sensor. As illustrated in Figs. 3-4 , the strain signals from all observed-sites exhibit characteristics of good-quality borehole strain data with high reproducibility and continuity. Responses to solidearth tidal signals can't be detected due to the restriction of the strain acquisition accuracy of the Brillouin optical time-domain analysis (BOTDA). The strain signal clearly shows compaction due to elastic deformation and dilation due to plastic deformation (Zoback, 1992) . The strain in fracture well-developed and shear zones mainly exhibit dilation. Between 2.0 and 7.5 meters, and from 12.0 downward to 74.5 meters of the borehole depth, there exist fracture well-developed calcite bedrocks. From 7.5 to 12.0 meters, and from 74.5 to the bottom (83.1 meters) of the borehole, two earthquake-induced ruptures (e.g., shear zone) are imbedded. The deformation of fracture-well developed bedrocks is generally stronger than that of ruptures filled with cement and brecciola. Compaction and dilation of fracture-well developed bedrocks are vulnerable to stress changes (Min et al., 2004) . Compared to elastic compaction, plastic dilation governs the deformation of both fracture well-developed and shear zones. During the measurement period from 30 May to 2 June, the strain signals show gradually increasing dilation strain rates. The reverse fault of dip 70 degree mainly experiences dilation, with local compaction observed. The strain-depth profiles illustrate the heterogeneous deformation characteristics with compaction and dilation alternatively appearing, as evidenced by experiments (Violay et al., 2015) . We show Fig. 3 . Borehole strain (1 µɛ = 10 -6 ) measured every 60 minutes with a distributed optic-fiber strain sensor from 29 May to 2 June in 2018. Gray lines represent the stratum interfaces. Two drilled shear-zones (e.g., earthquake-induced rupture) are located at the depth between 7.5 meter to 12 meter, and below the depth of 74.5 meter, respectively. Strain between the depth of 7.5 to 76.4 meter shows locally compaction and dilation, indicating local blockage or reopen of fluid paths. The fracture well-developed calcite bedrock mainly experiences dilation caused by plastic deformation, and in which the deformation is larger than that of the shear zones. The borehole is drilled crossing the upper and lower fault planes, and the borehole strain generally shows dilation-dominant deformation triggered by the reverse fault of dip 70 degree. On a dilation-governed deformation background, carbon dioxide level exhibits the increasing trend due to increments of permeability or mass diffusivity within the fluid paths.
from Fig. 4 that the carbon dioxide increasing trend generally corresponds to the dilation of the seismically active fault over the same time-scale of the observation.
Effects of Fault Deformation on Carbon Dioxide Variation
As shown in Figs. 4(A) and 4(B), from 29 May to 2 June, the strain mainly exhibits dilation, and the carbon dioxide level shows a gradually increasing trend. Mechanically, the carbon dioxide level has changed due to variations of the waves on carbon dioxide emissions from the fault. permeability and the average velocity field associated with the mass transfer (Bravo, 2007) . Dilation increases the dynamic permeability of fluid paths in the fault (Tamburello et al., 2018; Yin, 2018) . Carbon dioxide fluctuations are happening as a result of partial blockage or reopen of the (A) (B) flow paths (Caine et al., 1996) . Compaction and dilation of fluid paths (Violay et al., 2015; Yin, 2018) , respectively, accelerate and decelerate carbon dioxide emissions from the fault. The links between the variations of carbon dioxide levels and the strain changes raise several interesting questions such as what happens to carbon dioxide after strain change, and how the fault deformation mechanically control the carbon dioxide emission. The mechanism may be contributed to either the fault valve-driven fluid flow (Frank et al., 2015) or the water-hammer effect (Yin, 2018) . Here, we preliminarily propose a mass-wave propagation model (e.g., interaction of shock waves with advectiondiffusion of mass, namely the gas hammer effect) to physically explain a rise or drop of carbon dioxide levels due to dilation or compaction of fluid paths. Initial onset of compaction causes permeability reduction, leading to partial or complete blockage of the fluid path (Min et al., 2004; Yin, 2018) . The extreme compaction of the fluid path can trigger an elevated pressure at a blockage site (Millar et al., 2004) , which can be estimated by the Joukowsky equation (Ghidaoui et al., 2005) . Carbon dioxide is significantly trapped in the well-sealed blockage site, and its level continuously increases. After initial compaction followed by dilation, partial or complete fluid-path blockage suddenly reopen, causing a sudden permeability rise and leading to a flow jet (Levy et al., 1996; Min et al., 2004) and shock waves (Liepman et al., 1957; Talwani and Acree, 1985) propagating through the fluid path. Mass waves (Yang, 2018) , obeyed by the advection-diffusion law, of carbon dioxide are simultaneously produced and accelerated due to the shock wave. In the following section, we discuss the mechanical effect of shock
Effects of Shock on Mass Transfer
A macroscopic one-dimensional analytical model for describing pressure waves in saturated porous media is governed by (Talwani and Acree, 1985; Yang et al., 2015; Yang et al., 2018; Yin, 2018) :
where P L = ∆P max is the initial pressure at the blockage site (distance X = 0) at the onset of the compaction deformation (time t = 0), ∆P max is the pressure change at the blockage site during compaction (Ghidaoui et al., 2015; Yin, 2018) , and P(X, t) is the pore-fluid pressure jump in the front of the wave. D p = K d K e /φη f is the pressure diffusivity, γ is the specific heat capacity ratio, and η f is the viscosity. By using some mathematical simplifications (Levy et al., 1996) , it yields:
here ε(X, t) is the strain jump, and U(X, t) is the fluid velocity jump. α = (ϕ + (γ -1)(1 -ϕ)τ s )/(λ s (γ -1)) represents the dependence of the strain on the pressure drop. λ s denotes the Lame constant of the elastic solid. τ s is the tortuosity of porous media. X is the shockwave travelling distance (Hoover et al., 2014) . A one-dimensional (1D) advection-diffusion of fluids in porous media is given by (Bravo, 2007) :
where φ is the porosity,
is the effective diffusivity of mass (Yang, 2018) in the porous media, C(X, t) stands for the concentration, and D m is the molecular diffusivity. The first contribution, C(X, t)U(X, t), describes advection driven by velocity shockwaves, and the second,
, describes diffusion driven by concentration gradients. By using some mathematical simplifications (Sun, 1995) , an analytical solution of Eq. (4) with the boundary conditions, C(X, 0) = C 0 at the blockage site (X = 0) at the onset of the compaction deformation (time t = 0), reads
Eq. (5) describes the physics of the propagation of mass shockwaves. Note that the penetration of the shockwave (e.g., U(X)) into the fluid path mechanically controls carbon dioxide transfer.
As shown in Fig. 5 , carbon dioxide is transferred as mass-waves inside a fluid path due to processes of diffusion and convection. Diffusion is strongly influenced by the effective diffusivity, while advection is governed by the shockwave of the fluid velocity. The two factors cause a propagating mass wave with an elevated carbon dioxide level in the front of the wave through the fluid path. A key feature of the model is that the permeability increment by dilation is capable of initiating a propagating mass wave due to the pressure jump. Here, it is assumed that permeability changes indicate dilation or compaction of fluid paths (Yin, 2018) . The fracture sealing and syn-kinematic fracturing (Yin, 2018) leads to a decrease or rise of the permeability. As the permeability increases, the fluid velocity shockwave is enhanced, causing the advection acceleration. However, compaction locally blocks the flow path (Min et al., 2004) , causing permeability reduction, and the carbon dioxide level decreases. In contrast, dilation partially or completely reopens the conduit blockage, leading to permeability increment and causing a rise of carbon dioxide levels throughout the plastic deformation. Fracture deformations control the permeability evolution of the fluid-path (Caine et al., 1996; Yin, 2018) , which is correlative with the pressure diffusivity and shockwaves of the fluid velocity. Our results show that the shear dilation causes the concentration of fluid flow along connected shear fractures (Min et al., 2004) . It is the first time that a physical model describing the mass shockwave propagation in porous media has been developed, physically explaining the change of carbon dioxide levels due to dilation or compaction of fluid paths in natural faults. The penetration of the shockwaves into the fluid path mechanically controls carbon dioxide migration. Here, a case study is completed to preliminarily explain the link between the fault deformation and the carbon dioxide variation as observed in Fig. 5 . Without sources of carbon dioxide known in the fault, the true realization of carbon dioxide flux observed during the fault deformation is impossible by the numerical analysis. Nevertheless, this demonstration represents an important step toward interactions of mass transfer and shockwaves in seismically active faults, and opens the door to applications such as underground carbon dioxide monitoring and BOTDA-based strain measurements in boreholes.
CONCLUSIONS
The in situ monitoring has been carried out for the carbon dioxide level attributed to a seismically active fault, by using the underground borehole of depth 120.0 meters, with atmospheric temperature simultaneously recorded. Use has been made of the infrared technology-based instrument to detect progressive carbon dioxide levels. The distributed optic-fiber strain sensor is mounted into the borehole of depth 83.1 meters, and continuously records strain signals at the spatial interval of 0.5 meters along the longitudinal direction of the borehole. Of particular interest is the seasonal fluctuation of carbon dioxide levels on a long-term increasing or decreasing background. The carbon dioxide increasing trend is influenced by the dilation deformation of the seismically active fault over the same time scale of the observations. We preliminarily propose a mass-wave propagation model (e.g., interaction of the shock waves with the advection-diffusion of mass, namely the gas hammer effect) to physically explain a rise or drop of carbon dioxide levels due to dilation or compaction of fluid paths in natural faults. A physical connection is made between the fault deformation and the change in carbon dioxide flux. The penetration of the shockwave into the fluid path mechanically controls carbon dioxide migration. The mass-wave propagation induced by the fault deformation mainly characterizes carbon dioxide emissions from the seismically active fault.
Although we can't identify how much carbon dioxide is produced by the fracture well-developed calcite bedrocks and earthquake ruptures, and how much contribution of deep-seated carbon sources is to such recorded carbon dioxide level. Studying the origin of carbon dioxide is beyond the scope of this paper. Because of spatially heterogeneous deformation of natural faults, somewhere local dilation governs deformation, while compaction dominates in other segments of the fault. The variation of carbon dioxide levels macroscopically represents the response to the general deformation tendency of the nature fault. Due to stress changes in faults, the fault deformation alters strains followed by changes of permeability in the fluid path (Violay et al., 2015) . Then upward migration of carbon dioxide is influenced, and variations of the carbon dioxide level accordingly change. At least, it is suggested that the fault deformation mechanically drive carbon dioxide emissions released from the seismically active fault. Biological processes and links between the fault deformation and the amounts of carbon dioxide emissions should be deeply evaluated in the future work.
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